The diffuse x-ray scattering and small-angle neutron scattering of a Pt-47 at. % Rh single crystal aged at 923 K were measured to determine the local atomic arrangement. The separated short-range order scattering including the small-angle scattering range showed weak intensity modulations, with the maximum at 1 1 2 0 positions, thus indicating the presence of local order. In contrast to short-range order scattering, size-effect scattering is already well visible in the raw data, in spite of the small difference of 3% in the atomic sizes. Size-effect scattering is mainly due to Rh-Rh displacements.
I. INTRODUCTION
Platinum alloys, such as Pt-Rh, are widely used as catalysts, and their microstructure near the surface was repeatedly studied ͑see Refs. 1 and 2, and references therein͒. Scanning tunneling microscopy revealed local atomic order and local decomposition in the first layer, depending on the heat treatment after sputtering and the surface orientation. 3 Little is known about the microstructure in the bulk. From atom-probe field ion microscopy, 4 a slight tendency for local decomposition was deduced. Diffuse scattering experiments using x-rays or neutrons have not been performed so far. These methods are very powerful for a quantitative characterization of the local atomic arrangement in the bulk. [5] [6] [7] [8] [9] Since there are a number of conflicting theoretical predictions on the ground state, it was thus indicated to perform such a study.
The phase diagram of Pt-Rh shows complete mutual solid miscibility in the A1 structure at elevated temperatures. 10 A miscibility gap ͑indicated by a dashed line in Fig. 1͒ and a critical temperature of 1033 K for Pt-50 at. % Rh ͑see Fig.  1͒ are taken from a proposal of Raub. 11 This author assumed the presence of decomposition in all binary alloys of fcc Pt metals ͑Rh, Pd, Ir, Pt͒ on the basis of the known behavior of Ir-Pt, Ir-Pd, and Pd-Rh and estimated the critical temperature of the miscibility gap by correlating it to the difference of the melting temperatures of the constituents. However, decomposition was later on not found in Pd-Pt by Kidron 12 who used diffuse x-ray scattering.
On the basis of the phase diagrams of binary alloys comprising transition metals ͑TMs͒, Bieber and Gautier 13 suggested Pt-Rh to decompose at low temperature. In general, systems where both constituents are either early or late TMs, should show complete miscibility or decomposition, whereas all other TM systems should show order. Known exceptions are, e.g., Pt base alloys with 3d TMs. These general trends were supported by electronic structure calculations using the generalized perturbation method. As Pt and Rh are both late TMs, decomposition is expected for Pt-Rh alloys.
Based on ab initio electronic-structure calculations, Lu et al. 14, 15 proposed several ground state structures for Pt-Rh, all involving ͗ 1 1 2 0 ͘ concentration waves; Pt 4 Rh and PtRh 4 with the D1 a , PtRh with the "40", Pt 2 Rh 5 with the X2 ͑Au 5 Mn 2 ͒, and PtRh 3 with the D0 22 structure. The order-disorder transition temperatures were below 300 K indicating only weak tendencies for order. At elevated temperatures, a low degree of local order is expected; e.g., for Pt-50 at. % Rh at 600 K, a diffuse maximum with less than 2 Laue units was obtained at 1 1 2 0 positions. In view of these unsettled differences, an experimental determination of the type of order in Pt-Rh may be useful. Small-angle neutron scattering ͑SANS͒ experiments and two diffuse x-ray scattering experiments were performed. In all experiments, the same Pt-Rh single crystal was employed. It had been grown with a composition close to 1:1 stoichiometry in order to obtain large diffuse scattering intensities.
͑i͒ A diffuse x-ray scattering experiment was performed with synchrotron radiation to optimize the scattering contrast ͑the squared difference of the atomic scattering factors of the constituents͒ by choosing a wavelength close to the Rh-K absorption edge. Thus, the possible presence of local order might be directly visible. ͑ii͒ A detailed diffuse x-ray scattering experiment was done in the laboratory with Mo-K ␣ radiation to obtain sufficient data for a quantitative analysis of the local atomic arrangements according to the separation techniques of Borie and Sparks 16 and Georgopoulos and Cohen. 17 ͑iii͒ The SANS experiments were performed to investigate the possible presence of decomposition. Neutrons are preferred to x-rays in this case as thicker samples can be used.
From the elastic diffuse scattering short-range order and size-effect scattering are determined. Based on these contributions, ground-state structures are discussed employing effective pair interaction parameters obtained by the inverse Monte Carlo method. Also species-dependent static atomic displacements are determined, and a general comparison of published displacement parameters with the type of shortrange order is presented.
II. THEORY
The elastic coherent diffuse scattering I diff from crystalline solid solutions is due to the presence of different types of atoms that are not strictly periodically arranged on a lattice and to the static local deviations of the atoms from the sites of the average lattice. 5, 7, 18 The scattering contributions are called short-range order scattering I SRO , size effect scattering I SE ͑linear displacement scattering͒, and Huang scattering I H ͑quadratic displacement scattering͒. The diffuse scattering intensity of a binary A-B alloy is given by
with
where N is the total number of atoms in the crystal, c i is the atomic fraction of the component i, f i its atomic scattering factor, h = ͑h 1 , h 2 , h 3 ͒ is the scattering vector in reciprocal lattice units 2 / a ͑r.l.u., a = lattice parameter͒, and the ␣ lmn are the Warren-Cowley short-range order parameters 19 for the lmn type of neighbors ͑l , m , n in units of a /2͒. The prefactor in Eq. ͑1͒, c A c B ͉f A − f B ͉ 2 , is called one Laue unit ͑L.u.͒. For a statistically uncorrelated arrangement of atoms on a lattice, all ␣ lmn are zero, except for ␣ 000 which is unity and short-range order scattering simplifies to the monotonic Laue scattering. Size-effect scattering is given by
with, e.g.,
The ͗x lmn ͘ with = A , B are the species-dependent static atomic displacements in units of the lattice parameter a for the lmn type of neighbors.
To separate short-range order scattering from the total diffuse scattering I diff , several techniques have been developed. 7 While the separation technique of Borie and Sparks 16 is valid only for neutrons, it may also be applied for x-ray data sets if the ratio of the atomic scattering factors of the components A and B, and , does not vary much with the scattering vector h. The Borie-Sparks method requires a smaller number of Fourier series for describing displacement scattering, as no species-dependent displacement parameters are determined, but only
͑5͒
The separation technique of Georgopoulos and Cohen 17 can only be applied for x-rays. In the present investigation, both techniques were employed.
III. EXPERIMENT
A single crystal of nominally Pt-50 at. % Rh was grown by electron-beam zone melting, starting with an alloy made of 99.95 at. % pure Pt ͑Métaux Précieux SA METALOR, Neuchâtel, Switzerland͒ and 99.98 at. % pure Rh ͑Johnson Matthey and Brandenberger AG, Zürich, Switzerland͒. For the x-ray scattering experiments, a disk, 10 mm in diameter and 3 mm in thickness, with a ͗421͘ surface normal, was cut by spark erosion and finally polished with diamond powder of a grain size of 1m. The crystal was aged at 1003 K for 26 h, quenched in brine, subsequently aged at 923 K for 36 days, followed by a quench in brine. A stepwise aging was chosen to increase any deviation of a random atomic arrangement in a temperature range where diffusion still prevails. Based on measurements of the electrical resistivity at 77 K of a sample aged between 700 and 1300 K and quenched in brine, it was noted that a state of thermal equilibrium could be set up and frozen in within 24 h between about 900 and 1100 K. For the small-angle neutron scattering experiments, a slice, 0.63 mm in thickness, was prepared from the disk that was used before for diffuse x-ray scattering. All scattering experiments were performed at room temperature. A composition of 47.0͑5͒ at. % Rh was determined by standard-free x-ray fluorescence analysis for the sample disk. Transmission measurements of the thin slice using neutrons at two wavelengths ͑0.66 and 0.8 nm͒, yielded a Rh fraction of 46͑1͒ at. %. For the subsequent evaluation, a value of 47͑1͒ at. % Rh was used.
The first diffuse x-ray scattering experiment was done at the ID1 beamline of the ESRF ͑European Synchrotron Radiation Facility, Grenoble͒. X-rays with an energy of 23.201 keV ͑18 eV below the Rh-K absorption edge͒ were chosen to enhance the scattering contrast ͉f Pt − f Rh ͉ 2 by 39% with respect to Mo-K ␣ radiation. About 4600 positions were measured in a scattering-vector range of 0.8 to 5.0 r.l.u. using a Cyberstar detector with high counting efficiency but an insufficient energy resolution to discriminate the Rh K-M II,III resonant Raman scattering. The latter was estimated with a Roentec detector that has an energy resolution of about 300 eV, but a low counting efficiency. The background was 20% of the intensity at 0.8 r.l.u. decreasing to about 1% beyond 2 r.l.u. Typically, 4000 to 10 000 counts were registered within 20 s.
For improved counting statistics and more positions, additional measurements were done with a 12 kW Rigaku rotating anode ͑Mo-K ␣ radiation͒ at the laboratory. About 15 800 positions were measured in the scattering-vector range of 1.4 to 7.5 r.l.u. on a grid of 0.1 r.l.u. ͑with typically 10 000 to 30 000 counts per 220 s, background always Ͻ1%͒. Calibration was done with polystyrene. To correct for surface roughness and the partial passing of the sample by the x-rays at small scattering vectors, the Pt-L fluorescence lines were monitored as a function of the scattering vector.
The static and thermal Debye-Waller factor exp͓−2͑B stat + B dyn ͒͑sin / ͒ 2 ͔ was calculated on the basis of the elastic constants c ij . [20] [21] [22] These constants were determined by the pulse-echo-overlap method yielding c 11 = 386͑1͒ GPa, c 12 = 220.6͑7͒ GPa, and c 44 23 were calculated and subtracted. Atomic scattering factors and anomalous scattering factors were taken from Refs. 24 and 25.
The SANS experiments were done at SANS-I ͑SINQ͒ of the PSI ͑Paul Scherrer Institut, Villigen͒ with a neutron wavelength of 0.8 nm ͑⌬ / =10%͒ and at D11 of the ILL ͑Institut Laue Langevin, Grenoble͒ with a neutron wavelength of 0.66 nm ͑⌬ / =9%͒. Scattering intensities were collected with two-dimensional position-sensitive detectors at distances of 2 or 1.1 m from the sample. Data were corrected for background and converted to scattering cross sections using the elastic incoherent scattering of singlecrystalline vanadium. Coherent scattering lengths and absorption and incoherent cross sections were taken from Ref. 26 .
IV. RESULTS

A. Small-angle neutron scattering
The SANS intensities of Pt-Rh were always very low, even lower than those of the empty sample holder. As the sample had no high-symmetry orientation and intensities were low, the SANS patterns were azimuthally averaged. The measurements ͑Fig. 2͒ did not indicate any intensity increase towards the direct beam. They yielded a nearly constant scattering intensity of 0.2 to 0.5 L.u., well below 1 L.u., the value of the monotonic Laue scattering. Thus, no local decomposition can be inferred from these results.
B. Wide-angle x-ray scattering
Figure 3 ͑lower triangle͒ shows the elastic and inelastic scattering in 0.1 L.u. within the ͑001͒ plane. The inelastic scattering contributions are seen in the general intensity increase with increasing scattering vectors ͑Compton scattering͒ and in the large intensity increase towards the Bragg reflections ͑thermal diffuse scattering͒. With respect to the elastic contributions, the large asymmetry in diffuse scattering across the Bragg reflections arises because of size effect scattering. There is, however, no obvious maximum between the Bragg positions that would directly reveal the presence of local order. Subsequent measurements at a laboratory x-ray source comprised a four times larger number of h values. The improved counting statistics and lower background than for the measurement at ID1 allowed an analysis of those scattering data to be performed, and the results are given in the following.
Short-range order scattering was separated employing the Borie-Sparks and the Georgopoulos-Cohen separation techniques. The Warren-Cowley short-range order parameters fitted to the short-range order scattering and the SANS intensities shown in Fig. 2 , are given in Table I . The recalculated short-range order scattering is shown in Fig. 4 . With 1.5 L.u., Tables I and IV. the diffuse maximum is low, indicating a low degree of local order in Pt-Rh. This low degree is seen in the magnitude of the nearest-neighbor parameter ␣ 110 that only amounts to about 6% of its possible maximum value at this concentration. The position of the diffuse maximum at 1 1 2 0 coincides with the superstructure position of the suggested structure "40". 15 As the modulation of the monotonic Laue scattering is small and comparable intensities are also found along ͓010͔ where the superstructure reflections of the D0 22 and D1 a structures ͑also suggested as superstructures͒ are located, a discussion of the Warren-Cowley short-range order parameters, an analysis of the nearest-neighbor configurations and a determination of the effective pair interaction parameters is indicated.
V. GROUND STATE STRUCTURES
The fitted Warren-Cowley short-range order parameters of both separation methods generally agree in magnitude and sign, though differences beyond the standard deviations ͑solely based on counting statistics͒ are present. The parameter ␣ 000 lies close to the theoretical value of 1, indicating no major difficulty in the calibration of the scattering intensities. As less Fourier series are required in the Borie-Sparks evaluation, this separation technique is considered more reliable with the present small modulations. Among the short-range order parameters of the four superstructures of Table I , those of structures "40", X2, and D1 a agree in sign with the experimental data up to shell 222, only D0 22 shows less agreement.
To determine characteristic nearest-neigbor configurations ͑Clapp configurations 27 ͒, model crystals of 32ϫ 32ϫ 32 fcc unit cells with periodic boundary conditions were generated using the ␣ lmn of Table I and those of a random arrangement ͑with identical composition͒ in comparison. The ratio in abundances between both states indicates "typical" configurations. For the case of Pt atoms around Rh atoms, the Clapp configurations of the ground state structures suggested by Lu et al. 15 are given in Table II ͑see Fig. 5 for the site occupancies͒.
In the configurational analysis of a Pt-Rh solid solution, two problems are faced. ͑i͒ Only the composition of structure "40" is close to that of the alloy investigated. For the other superstructures, the difference in composition would require a partial replacement with the "wrong" species. ͑ii͒ As the degree of short-range order is low, characteristic configurations will not be much enhanced. Configuration C128 ͑with the case of Pt atoms around Rh atoms͒ is found to be most enhanced with an enhancement factor of 2.2 and an abundance of 0.1%. Enhancement factors of other Clapp configurations are ഛ2 and abundances are typically a few tenths of a percent. The element of the "40" structure is also found to be most enhanced when considering the other three cases ͑Rh around Rh, Pt around Pt, and Rh around Pt͒. Considering the other suggested superstructures, none of those is enhanced in its building elements independent of the choice of the central atoms, especially not Pt 2 Rh 5 ͑X2͒ being closest in composition. It is concluded that a configurational analysis only supports the suggested structure "40".
Alloys with diffuse maxima at 1 1 2 0 positions are well known ͑see, e.g., Hata et al. 28 for a discussion of the underlying microstructure͒, but were not yet reported for solid solutions close to 1:1 stoichiometry. Thus, Pt-Rh seems to be an excellent candidate for the structure "40" that is rarely found ͑according to Wolverton and Zunger, 29 it is not known for any alloy, only for the compounds NbP and TaP͒.
Effective pair interaction parameters V lmn were determined by the inverse Monte Carlo method 30 from the set of ␣ lmn values in Table I . For a canonical ensemble and a binary A-B alloy they are introduced by the Hamiltonian H
The modeled short-range ordered crystals consisted of 32ϫ 32ϫ 32 atoms with linear boundary conditions. About 820 000 virtual exchanges were considered. To find the relevant set of effective pair interaction parameters, their number was varied and the V lmn obtained were then used in Monte Carlo simulations to determine Warren-Cowley short-range order parameters and to compare them with the experimental parameters of Table I . The values and standard deviations of V lmn are summarized in Table III .
The values of the effective pair interaction parameters V lmn are low. Values of similar magnitude were obtained for, e.g., Ag-Au where the short-range order scattering also shows highest intensities across 110 positions along ͗100͘, but with additional intensity maxima at 100 positions. 31 As relaxation times for ordering are not known for Pt-Rh, but expected to be large, 32 the V lmn parameters might be slightly larger than those given in Table III. The order-disorder transition temperature T d was determined by Monte Carlo simulations employing crystals of 16ϫ 16ϫ 16 fcc unit cells and periodic boundary conditions. The starting crystal was stoichiometric with structure "40". Using the V lmn of Table III 
VI. STATIC ATOMIC DISPLACEMENTS
Sets of displacement parameters ͑Table IV͒ were fitted to the separated size-effect scattering as obtained by the BorieSparks and the Georgopoulos-Cohen methods. Size-effect scattering recalculated with the fitted parameters of the Borie-Sparks method is shown in Fig. 6 and compared with the contribution to the size-effect scattering solely based on Table IV͒ and inelastic diffuse scattering for the x-ray measurement at ID1, a general agreement is observed ͑Fig. 3, upper triangle͒; differences in intensity typically amount to 0.3 L.u., the difference between the equidistant lines. The main feature, the asymmetry in scattering across the Bragg reflections, is reproduced, though in a slightly more pronounced way. The Huang scattering missing in the recalculated diffuse scattering does not show up as a large contribution. Note that the data taken at ID1 were first calibrated with polystyrene, but still had to be scaled by a factor of 1.37. This scaling factor was determined as the ratio between the diffuse scattering within 0.25 r.l.u around the Bragg reflections ͑dominated by thermal diffuse scattering͒ and the calculated inelastic and elastic scattering based on the results of the home laboratory measurement ͑Tables I and IV͒. This factor also equals the ratio of the Warren-Cowley short-range order parameter ␣ 000 of the ͑unscaled͒ diffuse wide-angle scattering experiment and the ␣ 000 of Table I . Species-dependent atomic displacements were calculated within the theory of Froyen and Herring 33 Table IV. On the basis of an Hamiltonian that comprises ͑i͒ an Ising term with pair interaction parameters that depend on the displacements, ͑ii͒ the elastic energy, and ͑iii͒ a term for the coupling between displacements and site occupancy, Chakraborty 34 The correlations between short-range order and the static displacements had been implemented in Ref. 34 on the basis of two experiments and two effective-medium-theory calculations. In the following, a more comprehensive set of published data is checked for these suggested correlations. Experimentally, species-dependent static atomic displacements may be obtained from diffuse scattering by the Georgopoulos-Cohen and the 3 methods ͑see Refs. 7 and 8, and references therein͒. The advantage of the 3 method ͑only possible for alloys with elements nearby in the periodic table͒ is the experimental separation of any scattering contribution that does not depend on the scattering contrast. Both methods do not impose any restriction on the values of ͗x lmn ͘ except that the weighted average displacements of the species-dependent atomic displacements must be zero for any shell lmn. With respect to the 3 method, the correlations are always fulfilled; for local order in Ni-Fe ͑Ref. 35͒ and Ni-Cr ͑Ref. 36͒ and for local decomposition in Fe-Cr ͑Ref. 37͒. Within the Georgopoulos-Cohen analysis, the correlations are fulfilled for local order in Ni-Al ͑Ref. 38͒ and for local decomposition in Al-Zn ͑Ref. 39͒ and Fe-Cr ͑Ref. 7͒. However, for the majority of species-dependent atomic displacements obtained by the Georgopoulos-Cohen analysis, the correlations are not fulfilled; neither for local order in Cu-Au ͑Ref. 40͒ and Ni-Cr ͑Ref. 36͒, nor for local decomposition in Al-Cu ͑Refs. 41 and 42͒ and Cu-Be ͑Refs. 43 and 44͒. Certainly, the determination of the speciesdependent atomic displacements is delicate, as the evaluation of the same diffuse scattering data with both methods might lead to a fulfillment ͑Fe-Cr͒ or nonfulfillment ͑Ni-Cr͒ of the correlations. Still, it is expected that most probably the correlations given by Chakraborty 34 are too simple to be generally applicable to alloys with any size difference.
VII. CONCLUSION
From the present diffuse scattering pattern of Pt-47 at. % Rh one can conclude that the microstructure is close to that of a statistically uncorrelated alloy. To determine whether local order or local decomposition ͑as given in current phase diagrams͒ is present, a combination of smallangle neutron scattering and wide-angle diffuse x-ray scattering was required and the scattering intensities had to be calibrated. The sign sequence of the leading Warren-Cowley short-range order parameters and a configurational analysis of nearest-neighbor configurations support the structure "40" as ground state structure. This superstructure was previously suggested on the basis of ab initio electronic-structure calculations for Pt-50 at. % Rh. Species-dependent static atomic displacements of this alloy as well as of other alloys given in the literature do not support a suggested simple correlation between the type of short-range order and the value of the species-dependent atomic displacements, unless the majority of results obtained by use of the Georgopoulos-Cohen method are discarded.
